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the modeled reactive output from the generator will remain too
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immediately unstable when the reactive power
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limit of a generator is encountered [6]. This study showed that
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In this scenario, the system state may suddenly reside in an unstable
or infeasible operating region. The authors further concluded that
this structural change is a plausible cause for voltage collapse.
Although the possibility of immediate system instability as a result
of encountering an excitation system limit has been well accepted
in industrial experience, there exists little model development and
The Effect of Excitation Limits on Voltage Stability
analysis to account for this phenomenon.
In this brief, the approach in [6] is extended to the case where
M. L. Crow and J. Ayyagari
there is a structural change in the system dynamics, as opposed to the
algebraic manifold. This is the case when the dynamic system model
Abstruct- Voltage collapse has been commonly associated with insuf- is extended to include the dynamics of the automatic voltage regulator
ficient reactive power support. Steady state studies have related reactive and exciter. In this case, one of the dynamic states associated with the
power generation limitations to the sudden onset of voltage instability. exciter will encounter its limit and the governing dynamic equation
This paper extends this approach to the dynamic case. The relationship
between the dynamic models and steady state behavior is established. will be replaced with an algebraic equation. Thus the dynamic system
The dynamic model is then used to investigate the sudden change in state space will be effectively reduced, and an additional algebraic
system stability when the maximum excitation limit is reached. Several constraint will be imposed. In this paper, it is t h ~ schange in system
illustrative examples are analyzed. Corrective actions are proposed which structure which is showo to be responsible for the immediate change
will move the physical system away from the region of instability.
in stability when the maximum excitation limit is encountered.
J. Rubinstein, P. Penfield, and M. A. Horowitz, “Signal delay in RC
tree networks,” IEEE Trans. Computer-Aided Design, vol. CAD-2, pp.

I.

INTRODUCTION

A voltage collapse is the process by which the sequence of events
accompanying voltage instability leads to a low unacceptable voltage
profile in a significant part of the power system [l]. Once associated
only with weak systems containing long lines, voltage instability and
collapse is becoming increasingly prevalent in tightly interconnected
systems due to the increased loading on the network. A voltage
collapse scenario has been usually described as a slow decline in
voltage levels, with little or no deviation in frequency or angle, until
a point wherein the voltage levels plummet rapidly. In this scenario,
there is little or no oscillatory behavior in the system. Because of this
time frame and the lack of transient behavior associated with a true

E. THE

POWER SYSTEM

MODEL

A typical power system model of m generators with automatic
voltage regulators (AVR) in an n bus network where winding
resistance and saliency have been neglected is [7]:
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TABLE I

EQUILIBRIA
AND EIGENVALUES
OF THE UNCONSTRAINED
SYSTEM

Equilibrium
;E1=& k

A-1

Eigenvalues
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limits. The two limits are physically related, however. The reactive
power output of a generator is governed by the field current; if this
(7) input is limited, the reactive power generated is also limited. Although
where (1)-(4) represent the dynamics of the generator, and (5)- the two limits are physically similar, the effect that the particular
(7) represent the dynamics of the exciter and AVR. The saturahon limiting constraint has on the system may be different.
)
by S E ( E ~ =~ )A ~ x e x p ( B s x E f d ) To illustrate this, consider the following simple system which is
function S E ( E ~is~ given
where A E X and BEX are constants chosen to match the open-circuit intended to represent the operation of a generator, a voltage regulator,
magnetization curve at two points, usually Efmd”“:and 0.75Ef”da”. and the constraining powerflow equation
The exciter has several protective devices, one of which is the
XI = - h z l ,4222 k3y (gen)
(10)
overexcitation or maximum excitation limiter (MXL). The purpose
X2
-ICqxz
ks(ysp
y) (AVR)
(11)
of the MXL is to protect the generator from overheating due to
x
y
n
5
22 5 xyax
prolonged field overcurrent. The end effect of the MXL is to limit the
field current to prevent damage to the generator. Excitation limits may
0 = Ic~yxl k7yZ - U
(ntwk)
(12)
be of the windup or nonwindup type. In a windup limit, the output
where the input U may be taken as the reactive power loading and
of the limiter is constrained as long as the measured output exceeds
ysp is the specified reference setting for the algebraic variable y,
the specified limit. In a nonwindup limit, the output of the limiter is
analogous to the reference voltage setting of the AVR. Note that (12)
constrained if the measured output exceeds the specified limit and the
is quadratic in y, thus multiple solutions for a given loading U are
derivative of the output is greater than zero. With nonwindup limits,
the output comes off the limit as soon as the derivative changes sign possible. This is analogous to the multiplicity of solutions possible
due to the quadratic nature of the voltage in the powerflow equations.
[l]. Although not as general as in many industrial applications, one
For ease of illustration, the input U will initially be taken as 0, which
common assumption is to model the excitation limit as a windup
leads to two unique equilibria which are summarized in Table I.
limit as this tends to be the “worst case scenario [7].” This limiter is
Although the full system model of a generator and exciter/AVR has
represented by the upper limit constraint imposed on (6).
a greater number of states and is nonlinear, the interaction between
The powerflow network equations are given by:
states is clearer in this simplified model. The conclusions drawn from
n
this example will be generalized to a larger system in the next section.
0 = P, - V ,
V, (g2, cos O,, b,, sin (4,)
(8)
It is apparent that for the given loading level U , there exist two
,=1
equilibria
as well as two sets of eigenvalues. For this to be a feasible
n
V (g2, sin O,, - b,, cos O t , )
0 = Qc- V ,
(9) operating point, at least one of the equilibria must be stable, with both
corresponding eigenvalues having negative real parts. Since voltage
3=1
collapse is a nonoscillatory phenomenon, it may be assumed that the
for 2 = 1,.. . ,n, O,, = 0, .- O,, and P, and Qz are the injected parameters k l - IC7 are such that the resulting eigenvalues are real,
powers at each bus. For generatx buses, these are the real and reactive with no imaginary parts. Equilibrium A-1 may be considered to be
power generated. At load buses, these are the real and reactive loading
analogous to the operating point which would arise in an unenergized
on that bus. The inputs to this system are the AVR reference voltage power system, thus, the feasible operating point under consideration
settings Vref,, synchronous sp:ed w s , and the constant input torque, will be assumed to be A-2. Now, suppose that the state xz has reached
TM,,for each machine z = 1,.. . ,m, and the active and reactive bus its maximum at a particular loading level. At this point the dynamic
for i = m 1,.. . ,n.
loadings PL, and QL,,
equation (1 1) is replaced by the algebraic equation

+
+

+

+

+

+

0 = xz -%?a=.
(13)
111. CHANGE OF STABILITY WIIEN STAm LIMITSARE ENCOUNTERED
In this section, the notion of immediate instability as a result of This change in the structure of the dynamical system now yields two
structural changes will be extmded to the case where a maximum equilibrium points which satisfy (lo), (12), and (13). These new equiexcitation limit is encountered The approach presented in this paper libria and the corresponding eigenvalues are summarized in Table 11.
The change in dynamical system structure has several ramificafocuses on the excitatiodAVR system limits and is therefore different
from the treatment found in 161, which focused on reactive power tions. First, note that the equilibria A-2 and B-1 are the same points,
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TABLE I1
EQLJILIBRIA
AND EIGENVALUES
OF THE CONSTRAWED SYSTEM

I
I

Equilibrium

t

1 Eigenvalues

Y

I

since at the exact point where 22 = zTaz,both (1 1) and (13) must be
The equilibrium
satisfied, and zTaz =
point B-1 however has only one eigenvalue instead of two associated
with it since 2 2 is no longer a state variable in the limited system.
Instability may arise in several ways. First, the structural change
may elicit an immediate change in the stability of the associated
equilibrium. This would be the case if the eigenvalue associated
with B-1 were positive, then the equilibrium shift A-2 to B-1 would
cause an immediate instability. This consequence is more likely to
occur at high loading levels. A more interesting case involves B-1
and B-2 together. Under certain conditions, a bifurcation point may
materialize in the vicinity of B-1 due to the alteration of the dynamical
system structure by the limiting constraint. The consequence of this
is that two equilibria, one stable and one unstable, may now lie
in close proximity in state space. This would be the case if the
equilibria B-2 were to appear in close proximity to B-1. As the
power system is subjected to small, dynamic changes, the physical
system state may tend toward either of the two equilibria along a
trajectory on the unstable manifold. If the equilibrium approached
in stable, then the system response will be stable, albeit with a
reduced margin of stability. If, however, the trajectory tends toward
the unstable equilibrium, the system response will be unstable, and
without corrective actions, a voltage collapse may occur.
The correlation between equilibria is illustrated in Fig. 1. The
curved function in this figure corresponds to the manifold defined by
the relationship between z1 and ?J for a constant input '(I [(lo) with
21 = 0 and (12)]. This manifold will change as '(I vanes. The linear
functions represent the constraint imposed by the equation for 2 2 . The
line #1 corresponds to (11) with 22 = 0 and line #2 corresponds to
(13). The intersection of line #1 with the manifold gives the equilibria
A-1 and A-2 of the unlimited system. The intersection of line #2 with
the manifold gives the equilibria B-1 and B-2 of the limited system,
where the points A-2 and B-1 are identical operating points, but with
different stability margins.
Consider the case where the parameters kl - k~ are such that B-1
is stable and B-2 is unstable (Normally, k.1 would not be negative, but
due to the simplification of the model, it is illustrabve to consider this
possibility). As the load increases or decreases, the points B-1 and B2 may tend toward or away from each other. At some loading level,
these two equilibria, one stable and one unstable, may coalesce into
a single equilibrium. If the two equilibria annihilate one another such
that no equilibria exist for increased loading levels, a saddle-node
bifurcation has occurred. This type of bifurcation has been shown
to be a frequent cause of voltage collapse [8], [9]. As the power
system is subjected to dynamic changes, such as changes in load,
the system state will move along a trajectory on the system manifold
until one of the equilibria is reached. If this equilibrium is the stable
equilibrium, the system response will be stable. If the trajectory
tends toward the unstable equilibrium, the system response will be

[h , i k , ~ ~ ~ 5 ~ ~ : " k ~ h ~ ] ~ S p .

X

1

Fig. 1. Correlation between operating points A-1, A-2, B-1, and B-2

Fig. 2. WSCC 9 bus, 3 generator system.
unstable, and without corrective actions, the system may experience
a voltage collapse. Either outcome is possible, but as discussed in the
next section, the unstable equilibrium tends to be the mo
outcomes, due to the dynamic responses of the other AVR's in the
system. This behavior is illustrated in greater detail in the following
section with a power system example.

Iv. POWER SYSTEM EXAMPLE
In this example, the well-known 9-bus, 3-generator WSCC system
[lo] (Fig. 2) is subjected to a system wide loading increase from the
loads stated in Fig. 2 to Ss = 1.35 +j0.45, S7 = 1.50 +j0.66, and
SS = 2.19 30.87. The generator parameters are as given in [lo]
and the excitation system data is summarized in Table III
As the load increases, the voltage regulator outputs of all generators
will increase in order to maintain the terminal voltages at the specified
level and to increase the amount of reactive power generated. The
voltage regulator output of generator #2 reaches its maximum value
shortly before the maximum loading level is reached. The stable and
unstable equilibria of the limited system at the final loading level are
given in Table IV, as well as the eigenvalues for the final loading
equilibria. Note that the limited system equilibria are very close,
and are virtually indistinguishable. In fact, the eigenvalues of the
stable and unstable limited system equilibria are more similar than
are the eigenvalues of the identical equilibrium points (A-2 and B-1)
evaluated for both the unlimited and limited system configuration.
The point A-2 has one more eigenvalue associated with it due to the

+
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TAE’LE 111

wscc SYSTEM EXCITATION
DATA
Gen 2

I

Gen 3

1

1.080

~

V.6U

0.78 5

-

I

Load increase terminated

1.0(110
0.72 *
0.00

0.02 0
40.0010
1.0ClO
0.01’0

-0.031
(-0.647
&j0.682)
-1.013
-1.320
-2.024
(-0.780
-+j1.876)
(-2.968
i j 0.301)
-3.737
-4.509

0.9792
0.9798
0.9661
0.9260
0.9640
0.9196
0.9456
0.8813

0.9235
0.9720
0.9m
0.9089
0.9457
0.8834
0.9004
0.8521

Tom-

Vg

I

I

60.67

75.84

91.01

reached.

Eig B-1

0.6362
2.6115
4.1129
0.0783
1.4944
0.5081

45.50

Fig. 3. Dynamic response of the WSCC system when the AVR limit is

TAElLE IV
EQUILIBRIA
OF i’mWSCC SYSTEM

(-5.209
tj2.921)
-8.648
-26.251
-48.231
-48.442
-49.132
-60.345

1.0339

I

30.33

time (seconds)

--

1.0912
0.8394
0.6759
2.4584
3.8014
0.0737
1.4944
0.3342

I
15.16

(-5.003

*j 3.036)
-8.430
-26.263
-48.434
-49.130
-60.343

Eig E 3

0.061
(-0.685
&j0.677
-1.013
-1.267
-2.038
(-0.567
-+j
1.966)
(-2.872
*j 0.297)
-3.737
-4.661
(-5.024
&j2.727
-8.098
-26.647
-48.436
-49.135
-60.401

I

fact that V R is
~ a state variable, whereas in B-1 and B-2 it is an
algebraic variable.
As noted previously, as the c;ystem approaches the final loading
level, the system may tend toward either of the two equilibria, if
they lie near each other along E L trajectory on the system manifold.
If the effect of the system struclure change is to place the operating
condition near the unstable equilibrium, the system trajectory may
pass by the unstable equilibrium before reaching a stable equilibrium,
leading to unstable behavior. As the loading on the system increases,
the terminal voltages will initially decrease until the AVRs act to
raise the voltages to the voltagc set point. As noted previously, the
unstable equilibrium is identified by the lower voltages associated
with it. The result of the “hedthy” AVR’s is that the action of
raising the system voltages forccs the system to pass by the unstable
equilibrium before the region o.’attraction of the stable equilibrium

is reached. This may cause the system to tend toward the unstable
equilibrium, and ultimately, toward voltage collapse. This scenario
is illustrated by the dynamic response of the WSCC system voltages
in Fig. 3.
The upper limit of VR for generator #2 is reached shortly after the
maximum loading level is reached. The field voltage E f d saturates
and reaches its maximum level about 10 seconds later. Prior to this
point, the system appears to have attained an equilibrium as the
voltages level off and are maintained at a constant level. However,
this is an unstable equilibrium and the small dynamic changes in
the system perturb the system away from this operating point. In
the constrained system, it is no longer possible to hold the terminal
voltage of generator #2 to a steady and stable level, since the
controlling effects of the exciter have been disabled. As VZdecreases,
there is no longer a closed loop control to maintain the system
integrity and the system voltages eventually collapse.
One means of averting this instability is to move the limited
generator back into the region of unconstrained operation. One
effective control action is to increase the voltage reference setpoint
at the generator which has the largest reactive power reserve margin.
This strategy has been tested in this example by increasing the voltage
reference setpoint of generator #1 by 2%. This accomplishes the
goal of reactivating the voltage regulator of generator #2. It does
so by introducing more reactive power into the system. The strain on
the constrained generator is then relieved, and the exciter is able to
return to its normal operating mode. If this corrective action is taken
within approximately 50 seconds after the field voltage saturates, the
system will recover to a stable operating point. Resetting the reference
voltage setpoint is becoming well accepted as a corrective method in
voltage collapse situations, with this action becoming an automated
function within the control center [Ill.
V. CONCLUSION
It is often the objective of many control strategies to move the
power system operating point away from regions where a bifurcation
may occur. Many proposed stability margin indexes attempt to give a
measure of the distance from the current operating point of the system
to the nearest bifurcation point, In the unconstrained system, the two
equilibria are usually sufficiently far apart such that bifurcation is
not an immediate concern. However, the change in structure of the
differential-algebraic system may suddenly cause a bifurcation point
to materialize in the vicinity of the operating point. Although the
operating point is unchanged, the stability or stability margin of this
point may have changed considerably. Therefore, stability margins
or indexes which do not account for the possibility of maximum
excitation limits (or reactive power limits) may give false results
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which cause the system to appear more stable than it actually is.
Due to the discontinuous nature of the instability, any productive
corrective action should endeavor to move the system back into an
unlimited region of operation. The most promising corrective action
scheme for this would be a coordinated control of the AVR reference
voltage settings.
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